Molecular subtypes of muscle-invasive bladder tumors have emerged as a promising research tool with potential to stratify patients for neoadjuvant treatment. Prior to radical cystectomy, the utility of molecular classification and biomarkers depend on concordance between tissue from transurethrally resected specimens and disseminated disease. We assess the concordance of molecular subtypes and a large number of potential biomarkers in 67 pairs of muscle-invasive bladder tumors and synchronous lymph-node metastases. Tissue cores were stained for 29 immunohistochemistry markers and immunohistochemistry-based molecular subtype classification was performed. Molecular subtype was determined by mRNA profiling for 57 bladder tumors and 28 matched lymph-node metastases. Full section immunohistochemistry was performed to assess intra-tumor subtype heterogeneity in discordant cases, and exome sequencing was performed for 20 sample pairs. Discordant subtype classification between the bladder tumor and lymph-node metastasis was generally rare (12/67, 18%), but most (7/12, 58%) involved the Basal/Squamous-like subtype. Discordant Basal/Squamous-like tumors showed either Urothelial-like or Genomically Unstable, luminal-like phenotype in the lymph-node metastasis. Full section immunohistochemistry revealed intra-tumor subtype heterogeneity for six discordant cases including four involving the Basal/Squamous-like subtype. Subtype concordance for non-Basal/Squamous-like tumors was 91%. RNA-based classification agreed with immunohistochemistry classification but quantitative assessment is necessary to avoid false detection of subtype shifts. Most high confidence cancer mutations were shared between samples (n = 93, 78%), and bladder tumor private mutations (n = 20, 17%) were more frequent than those private to the lymph-node metastasis (n = 7, 6%). We conclude that bladder tumors and lymph-node metastases have overall similar molecular subtype, biomarker expression, and cancer mutations. The main exception was tumors of the Basal/Squamous-like subtype where most cases showed discordant classification, some with evidence of intra-tumor heterogeneity. The data are of relevance for neoadjuvant treatment stratification and raises questions on the dynamics of molecular subtypes during bladder cancer progression.
Muscle-invasive bladder cancer is a lethal disease with only half of the patients surviving despite radical cystectomy [1] . Patients with node-positive disease have further decreased survival estimates. Neoadjuvant chemotherapy gives a modest but significantly improved outcome compared to cystectomy alone [2] . Recently, immune-checkpoint inhibitors have emerged as a treatment option in the metastatic setting for unfit patients and in the second-line setting after chemotherapy [3] [4] [5] . However, an increased survival for neoadjuvant chemotherapy of about 5% [6] and response rates of checkpoint inhibitors between 15% and 24% suggest that most patients do not benefit from either treatment. So far, efforts to predict therapeutic response have studied single biomarkers [7, 8] , molecular subtypes [9, 10] , or mutations [11] [12] [13] . Studies investigating predictive biomarkers have assumed primary tumors to be representative of the disseminated disease. Indeed, comparisons between primary tumors and matched lymph-node metastases show good concordance for ploidy and clonality [14, 15] . Studies investigating expression of single genes/ proteins, e.g. ERBB2 [16] [17] [18] , EGFR [19] , FGFR3 [20, 21] , CDH1 [22] , and CCND1 [23] show concordance rates ranging from 69% to 100%, indicating that lymphnode metastases are stable with regard to genetic origin as well as to single biomarkers.
Two main methods have been used to define molecular subtypes of bladder cancer-global mRNA-based classification [9, [24] [25] [26] and in situ immunohistochemistry-based tumor-cell classification [27, 28] . Distinct systematic discrepancies between the two methods have however been described, mainly caused by variation in the amount of sampled non-tumor cells [28] . With the exception of subtypes driven by strong immune/stromal content, we have identified five main molecular subtypes using both mRNA-or immunohistochemistry-based classification; the Luminal-like subtypes Urothelial-like and Genomically Unstable that both express a urothelial-differentiation signature. Urothelial-like tumors also express FGFR3 and are enriched for papillary histology, whereas Genomically Unstable tumors have lost cell-layer stratification, cell-cell adhesion, and show molecular profiles similar to carcinoma in situ. The Basal/Squamous-like subtype shows overexpression of basal urothelial markers, i.e. KRT5 and CDH3 (P-Cadherin) but also a squamous keratinization signature not expressed in normal urothelium. Additionally, two minor urothelial-differentiation negative bladder cancer subtypes are also included in the Lund taxonomy, Mesenchymal-like and Small-cell/neuroendocrine-like, enriched for, but not exclusively comprising, histological variant tumors [26, 28] .
Studies comparing molecular subtypes between primary tumors and metastases have been performed for other tumor types, but not for bladder cancer. In breast cancer, molecular subtype concordance of brain metastases was 53-85% with increased HER2-enriched subtypes in metastases [29, 30] .
Here we investigate to what extent molecular subtypes differ between a diagnostic transurethral resection sample and disseminated disease. We sampled all available lymphnode metastases from the cystectomy-lymphadenectomy specimens of a large consecutive cohort of 425 patients undergoing radical cystectomy for bladder cancer in southern Sweden. This allowed us to perform molecular subtype classification by global mRNA profiling and/or immunohistochemistry for 67 primary tumor transurethral resection samples and their matched synchronous lymphnode metastases. For 20 of the 67 patients, tissue was sufficient for exome sequencing, which was used to identify known cancer mutations that were either private or shared between primary tumors and matched lymph-node metastases.
Materials and methods

Patients and tissue blocks
Formalin-fixed paraffin embedded muscle-invasive primary tumor and lymph-node metastases tissues were obtained from transurethral resection of the bladder and cystectomylymphadenectomy specimens, respectively, from a population-based series of 425 patients undergoing radical cystectomy between 2006 and 2011 [28] . Node-positive cases were included if primary and lymph-node metastases tumor tissues could be obtained (n = 67). Clinical, pathological, and outcome patient data are summarized in Table 1 . Surgery was performed as an extended lymphadenectomy up to the ureteric crossing or aortic bifurcation. Eight patients received neoadjuvant chemotherapy with dose-dense Metotrexate, Vinblastine, Adriamycin, Cisplatin neoadjuvant combination chemotherapy. Three patients received induction chemotherapy, defined as definitive treatment in clinically node-positive disease: one patient with small-cell carcinoma received induction chemotherapy with cisplatin and etoposide and two received the cisplatinbased combination. The regional ethical review board in Lund approved the study (EPN Lund2012/22).
Immunohistochemistry
Tissue microarrays containing two 1.0 mm tissue cores per sample were constructed and a panel of 29 primary antibodies was applied. The two cores were placed in the transurethral resection specimen blocks without consideration of spatial separation. The two cores therefore originated from different tissue pieces within the resected material for the majority of cases, but sometimes, particularly when the total tumor cell area is small, they originated from the same tissue piece. The antibody panel and staining procedures used for this cohort have been described in detail [28] . Stained slides were scanned (AxioScan Z1, Zeiss) and evaluated using the digital pathology platform PathXL. Markers were evaluated on an intensity scale (0-3), a percentage scale (0-9, 10%-bins), or both. The score for each tumor was calculated as the mean values of the two cores. Immunohistochemistry-based subtype classification into "Urothelial-like", "Genomically Unstable", "Mesenchymallike", "Basal/Squamous-like", and "Small-cell/Neuroendocrine-like" was performed using four-marker subtype panels as described [28] . To assess intra-tumor heterogeneity, immunohistochemistry for selected markers was applied, under the same conditions as with tissue microarray staining, to the full section block from the transurethral resection or from lymph-node metastases. Cases were considered to show subtype heterogeneity if a continuous area of tumor cells with the minimum size of a 1 mm tissue core showed opposite staining compared to the originally sampled tissue cores. According to this definition, single cells or small clusters of cells with opposite staining did not constitute subtype heterogeneity.
DNA and RNA extraction
Tissue blocks were sectioned and stained with hematoxylin and eosin (H&E). H&E slides were then used to guide macro-dissection by etching around a high tumor-content area of the paraffin block with an awl. Depending on the size of the macro-dissected area, 4-10 10 µm sections were taken, and paraffin flakes were transferred to Eppendorf tubes. Deparaffinization using serial incubations of xylene and ethanol, overnight lysis and proteinase K digestion, and RNA/DNA extraction (HighPure, Roche) were then performed according to the manufacturer's instructions. lymph-node metastases samples with minimal or no tumor tissue left after tissue microarray construction were excluded from RNA or DNA analyses.
Gene expression profiling and subtype classification
Data from all bladder tumors used here are publicly available as part of a larger cohort of 307 muscle-invasive tumors in Gene Expression Omnibus under GSE83586. In addition, 28 lymph-node metastasis samples not previously published are now made accessible through GSE101723. Assignment of gene expression subtypes was performed as described in the original study with the additional lymphnode metastasis samples added to the data set. First, all samples were subjected to stepwise two-way splits by consensus clustering on 50% variance filtered data. This was performed after RMA normalization and median centering together with the full GSE83586 data set (total n 307 + 28 = 335). Each sample formed part of one out of seven clusters identified in the original study ("Urotheliallike A", "Genomically Unstable", "Infiltrated", "Basal/ SCC-like", "Mesenchymal-like","Urothelial-like B", and "Small-cell/neuroendocrine-like"). Classification according to the TCGA into "Luminal Papillary", "Luminal", "Luminal Immune", "Basal/Squamous", and "Neuronal" were kindly provided by Jaegil Kim and colleagues [26] .
Exome sequencing
DNA concentration was calculated using a Qubit 3.0 fluorometer (ThermoFisher). Exome-Seq library construction 6; volume (μL): 52.5) using 10-100 ng input. Two libraries were made for each DNA sample. Libraries were quantified using adaptor specific QPCR (KAPA Library Amplification Kit, Roche), combined in pools of up to eight libraries (500-1000 ng) and captured using the NimbleGen protocol modified to accommodate pooled indexed libraries (SeqCap EZ Library SR User Guide v4.2). The libraries were sequenced (Paired end 2 × 75 bp) using the Illumina NextSeq 500 platform. Variants were called using GATK HaplotypeCaller and filtered by removing copy number variants and variants with two different alternate alleles. Variants described in dbSNP were removed, and remaining variants annotated using snpEff v4.3 and the GRCh37.75 database as high, moderate, or low were kept. Out of 28 sample pairs, 4 did not co-cluster based on data from polymorphic loci and were excluded. Another four pairs were excluded due to low coverage for either the primary tumor or the metastasis sample; leaving 20 sample pairs and 8 matching normal DNA samples (negative lymph nodes from the lymphadenectomy specimen) for mutation analysis. Minimum 10 reads coverage and 3 reads supporting the alternate allele were required. For final use of the data, we identified high confidence cancer mutations including variants included either in the COSMIC cancer gene census [31] or among significantly mutated genes in bladder cancer (189 genes, TCGA cohort n = 395). High confidence mutations were also absent in the ExAC database [32] , previously reported as somatic in COSMIC, with predicted deleterious effect at protein level as assessed by PolyPhen-2 [33] or with loss of function intolerance annotation in ExAC. By these methods, we identified 120 high confidence mutations occurring in 19/20 patients. Fifty-four of these were absent in matched normals, and only two mutations initially on the high confidence mutation list were removed due to presence in the normal sample, indicating that most mutations in the full list (Supplementary Table 1 ) are somatic.
Statistical tests
For pairwise tests, we used the mean value for the cases with two lymph-node metastasis samples. Statistical tests were two-sided with α = 0.05 considered statistically significant unless specifically indicated. All statistical calculations were performed in R.
Results
Urothelial-like and Genomically Unstable molecular subtypes are concordant in lymph-node metastases
Of 67 bladder tumors, 48 were immunohistochemistryclassified either as Urothelial-like or Genomically Unstable subtypes, which are phenotypically distinct entities of the broader luminal-like class of muscle-invasive bladder cancer. The analysis revealed that 46 of the 48 primary tumors unequivocally classified as Urothelial-like or Genomically Unstable showed a concordant immunohistochemistry classification in lymph-node metastases. Of the two discordant cases, one Urothelial-like case showed an atypical-, and one a Basal/Squamous-like subtype in the metastasis (Fig. 1a) . Gene expression profiles for 57 of the primary tumors and 28 of the lymph-node metastases were also used to generate mRNA subtype classification by co-clustering in the extended data set (Fig. 1b) . Differences between mRNA-and immunohistochemistry classification mainly involved Urotheliallike/Genomically Unstable cases (immunohistochemistry) classified as Infiltrated by mRNA, and Urothelial-like cases (immunohistochemistry) being more specifically subclassified as Urothelial-like B by mRNA. These discrepancies are expected consequences of classification at the tumor-cell versus global mRNA level. Global mRNA classification cannot identify specific subtypes when highly infiltrated, and immunohistochemistry classification does not distinguish Urothelial-like A from Urothelial-like B. In addition to these systematic differences in classification, four Urotheliallike cases remained discrepant between immunohistochemistry and mRNA (two classified as Basal/Squamous-like and two classified as Genomically Unstable). To further compare mRNA and immunohistochemistry classification, we applied the Lund2012 nearest-centroid classifier (Supplementary Figure 1 , also showing the 5-group TCGA classification). By quantifying each sample's correlation to five subtype centroids we observed that cases with discrepancy between mRNA and immunohistochemistry classification showed ambiguous mRNA centroid correlations. In those cases, a threshold effect could cause very small changes in centroid correlations to result in a change in subtype classification (exemplified as false positive subtype shifts in Fig. 2 ). Cases with ambiguous classification due to this threshold effect had a subtype distribution more similar to cases concordant by both methods than to cases discordant by both methods (Fig. 2a, d, g ). For each Primary-Metastasis sample pair, radar plots of mRNA centroid correlations and immunohistochemistry-subtype scores were used to visualize the classification quantitatively (mRNA: 1-Pearson-r distance to each of five centroids; immunohistochemistry: 4-marker scores on Genomically Unstable-Urothelial-like axis as well as on separate axes for Basal/Squamous-like, Mesenchymal-like, and Small-cell/neuroendocrine-like). Figures 2b , e, h exemplify that immunohistochemistry-discordant cases showed large difference in shape of the radar plots both for mRNA-and immunohistochemistry-subtype scores. On the contrary, cases demonstrating the threshold effect were only nominally discordant in mRNA classification, as the differences in radar plots were similar to fully concordant cases. Most importantly, immunohistochemistry of the same cases confirmed that there was no subtype discordance (Fig. 2c, f, i) . Exome-seq data for Primary-Metastasis sample pairs was generated for 20 cases with a total of 120 high confidence mutations identified (Supplementary Table 1 ). For each patient, selected shared mutations and all private mutations are indicated in Fig. 1c . Genomically Unstable cases showed a higher proportion of private mutations than Urothelial-like (Fisher's exact test, p = 0.0015). Taken together, immunohistochemistry classification, mRNA profiling, and mutations all indicate that lymph-node metastases of the Urothelial-like subtype are near identical to the corresponding primary tumors. Similarly, the Genomically Unstable Gray boxes indicate that gene expression data were not available. c Each box represents one mutation, color coded according to its status as shared or private. Gene symbols for 1-2 selected shared mutations (left) and for all private mutations (right) are shown. MIBC muscle-invasive bladder cancer, LNM lymph-node metastasis, ITH intra-tumor heterogeneity molecular subtype was fully concordant in the corresponding lymph-node metastases, but did show a higher number of private mutations (Fig. 1b) .
Basal/Squamous-like bladder tumors frequently show Urothelial-like or Genomically Unstable subtype in lymph-node metastases
Among the identified 12 primary tumors with Basal/Squamous-like phenotype seven revealed a discordant Urothelial-like or Genomically Unstable subtype classification in the lymph-node metastases. RNA-and immunohistochemistry classification was in agreement for Basal/Squamous-like cases, including one case classified as Genomically Unstable in the metastasis sample by both methods (Fig. 1a) . This case showed subtype heterogeneity (Basal/Squamous-like and Genomically Unstable) in the primary tumor with only the Genomically Unstable phenotype found in the lymph-node metastasis. However, full section immunohistochemistry for KRT5 and GATA3 revealed that the primary tumor area from which DNA and RNA was extracted contained exclusively Basal/Squamous-like tumor (Fig. 3a) . Only one high confidence cancer mutation was identified for this patient: the identical ERBB3 driver mutation (V104L) was present in the Basal/Squamous-like area of the primary tumor and the area of the metastasis classified as Genomically Unstable, at allele frequencies 0.32 and 0.20, respectively, indicating a clonal relationship.
Subtype intra-tumor heterogeneity was observed in half of the discordant bladder tumors
We were able to perform full section immunohistochemistry in 12 cases for both the primary tumor and lymph-node metastasis blocks, all except one that showed discordant immunohistochemistry-subtype classification (Fig. 1a) . Two to four markers were applied for each case selected based on the results from the initial analysis on tissue microarray cores. In 6 of 12 analyzed cases, full section immunohistochemistry indicated subtype intra-tumor heterogeneity in the primary tumor tissue block (Fig. 3 , all cases shown in Supplementary Figure 2 ) whereas intratumor heterogeneity never was observed in the lymph-node metastases. Primary tumor subtype heterogeneity was observed once between Urothelial-like and Mesenchymallike, in three instances between Basal/Squamous-like and Genomically Unstable, and once each between Basal/Squamous-like and Urothelial-like, and between Mesenchymal-like and Small-cell/neuroendocrine-like. For another six patients, full section immunohistochemistry did not reveal any subtype intra-tumor heterogeneity in the primary tumors (Fig. 4 , all cases shown in Supplementary  Figure 3 ).
Lymph-node metastases of Mesenchymal-like and Small-cell/Neuroendocrine-like bladder tumors
The Mesenchymal-like and Small-cell/Neuroendocrine-like molecular subtypes of bladder cancer comprise only about 5% each of muscle-invasive bladder tumors. We identified six primary tumors with Mesenchymal-like or Small-cell/ neuroendocrine-like phenotype of which two showed intratumor heterogeneity (Fig. 1a, Supplementary Figure 2 ). Whenever these minor subtypes were identified in a primary tumor, the lymph-node metastasis also contained tumor of the same subtype. Four of these six cases were identified by pathological examination as histologic variants. Of these, three cases displayed variant histologies both in the primary tumor and the lymph-node metastasis (Supplementary Table 2 ). One case displayed sarcomatoid variant in the primary tumor only, but this discrepancy could be explained On the H&E stain, the marked areas indicate placement of TMA cores, and macro-dissected areas for DNA/RNA extraction. d One millimeter squares from the indicated area in the corresponding full sections shown in higher magnification. Presence of nuclear GATA3 staining, albeit weaker than in the primary tumor, and lack of KRT5 staining, confirmed the discordant Genomically Unstable subtype classification compared to the heterogeneous but mainly Basal/Squamous-like primary tumor. H&E hematoxylin and eosin by intra-tumor heterogeneity in the primary tumor (Supplementary Table 2 ). Mutation data could only be generated for one case of each subtype. The Mesenchymal-like case had inactivating mutations of KDM6A and STAG2 in both samples, and the Small-cell/neuroendocrine-like case had inactivating mutations in NCOR1 and RB1, as well as complete RB1 loss by immunohistochemistry, in both samples.
Pairwise comparison of primary tumors and matched lymph-node metastases
The majority of a large panel of bladder cancer immunohistochemistry markers showed strong positive correlation between primary tumors and lymph-node metastases (Supplementary Table 3 ). The strongest positive correlations were seen for CCND1 and RB1 (Pearson-r, 0.84 and 0.85, respectively). Others e.g. ERBB2 (r = 0.59) and ERBB3 (r = 0.33) maintained significant positive correlation but showed slightly reduced expression in metastases compared to primary tumors. Basal/Squamous markers KRT5 and TP63 also remained positively correlated (both r = 0.58) despite a pronounced drop in a few metastases corresponding to subtype-discordant Basal/Squamous-like cases (Fig. 5a ). To test for systematic up-, or downregulation in lymph-node metastases compared to primary tumors, we performed paired t-tests (uncorrected p < 0.05) for all immunohistochemistry markers. Ten markers showed differential expression between primary tumor and metastases (Fig. 5b) and four remained significant after Bonferroni-adjustment, ERBB3, CDH1, and CDH3 downregulated, and RXRA upregulated in metastases. Except for RXRA, these markers demonstrated high correlation to the corresponding gene in expression data (Pearson-r, 0.65-0.79) [28] . Differential protein expression should therefore be reflected as differential mRNA expression. We thus performed similar pairwise t-tests in the mRNA data (n = 28) for the 10 markers with differential expression. ERBB3, TP63, and ERBB2 mRNA expression were downregulated in metastases also in the mRNA data (Supplementary Figure 4) . RXRA, PPARG, and VIM showed opposite pattern in mRNA data compared to immunohistochemistry, indicating a possible differential influence of cells of the different microenvironments on gene expression data. When analyzing the mRNA data set (n = 28 sample pairs) for significant differential expression, we identified 245 up-, and 74 downregulated genes in lymph-node metastases (paired t-test, false discovery rate < 0.01, Supplementary Table 4) (Fig. 6a) . Almost all genes upregulated in metastases, e.g. top genes CCL19, CCL21, CD52, and CXCR4 are expressed by lymphocytes and involved in different aspects of lymph-node function. The genes upregulated in primary tumors demonstrated no obvious biological theme or gene ontology enrichment, but included smooth-muscle (ACTG2) and stromal components Fig. 4 Full section immunostainings reveal subtype discordance without substantial intra-tumor heterogeneity. a Full section (transurethral resection) stains of a Basal/Squamous-like primary tumor and the discordant Urothelial-like lymph-node metastasis. This case did not show molecular subtype heterogeneity in the primary tumor or in the lymph-node metastasis. On the H&E stain, the marked areas indicate placement of TMA cores, and macro-dissected areas for DNA/ RNA extraction. b One millimeter squares from the indicated area in the corresponding full sections shown in higher magnification. c No heterogeneity was observed in full section stains of the lymph-node metastasis sample. On the H&E stain, the marked areas indicate placement of TMA cores, and macro-dissected areas for DNA/RNA extraction. d One millimeter squares from the indicated area in the corresponding full sections shown in higher magnification. Presence of nuclear GATA3 and lack of KRT5 staining confirmed the discordant Urothelial-like subtype classification compared to the Basal/Squamous-like primary tumor. H&E hematoxylin and eosin (LAMA2, COL4A5) expressed in the bladder but absent in pelvic lymph nodes. To increase the chance of detecting genes differentially expressed in the cancer cells, we ordered all significant genes according to their correlation to a cancer immune signature [34] in the extended data set (Fig. 6b) . This exploratory analysis identified 58 differentially expressed genes not correlated with the immune signature (absolute r < 0.2, genes shown as heatmap in Fig. 6c ). Although it is not possible to determine which cell type that is responsible for their differential expression, we noted that several of the genes upregulated in lymphnode metastases, e.g. PIK3IP1, TERF2IP, FOXP1, and MEX3C, have a described negative immune regulatory role in cancer [35] [36] [37] [38] .
Discussion
Out of 49 cases with a tumor of the Urothelial-like or Genomically Unstable subtypes, only three indicated a phenotypic difference in the lymph-node metastases; one case as a result of intra-tumor subtype heterogeneity of the primary tumor, a second as a result of an atypical phenotype, and a third classified as Urothelial-like in the primary tumor and Basal/Squamous in the lymph-node metastasis. Gene expression profiling reinforced these results, discrepancies compared to immunohistochemistry classification involved mainly the immune-infiltrated subtype and Urothelial-like cases subclassified by global mRNA expression as Urothelial-like B. For all six Mesenchymal-like or Small-cell/neuroendocrine-like cases, the same phenotypes were observed in both samples, but for two of them, the primary tumors showed intra-tumor heterogeneity with a bi-phenotypic appearance. Although the rarity of these subtypes makes the findings anecdotal in nature, we observed Mesenchymal-like and Small-cell/neuroendocrine-like cases with discordant subtype and intratumor heterogeneity, but also fully concordant cases, e.g. a Small-cell/neuroendocrine-like case with shared inactivating mutations in both RB1 and NCOR1. Tumors of the Basal/Squamous-like subtype were the only group that showed substantial subtype discordance in lymph-node metastases. More than half (7 of 12) of the Basal/Squamous-like cases were classified as Urothelial-like or Genomically Unstable in the matched metastasis samples, but full section evaluations revealed subtype intra-tumor heterogeneity to underlie/explain four of these shifts. As even full sections represent only a small sample of a tumor, we cannot exclude that more, discordant cases could be explained by subtype intra-tumor heterogeneity. The opposite is also possible, i.e. that tumor cells of discordant cases have changed subtype, possibility by interactions with microenvironments in the two anatomical sites. The latter concept has some support in experimental data from breast Figure 1) without quantification or validation by another method resulted in almost as many false subtype shifts due to threshold effects, as true subtype shifts. This finding underscores the importance of applying several classification methods, validating mRNA classification by immunohistochemistry, and using quantitative assessment of subtype classification, particularly when comparing paired samples. This observation most likely holds true for primary tumor/metastasis comparisons, as exemplified here, as well as for comparisons before and after treatment.
Most high confidence mutations were shared between sample pairs, suggesting that lymph-node metastases may not diverge as early from bladder tumors as has been suggested for hematogenous metastases [41, 42] . Nearly half (8/20) of analyzed cases had mutations in KDM6A, which is frequently mutated in the most ancestral bladder cancer clone [43] . Altogether, the data are consistent with lymphnode metastases being genetically similar to the main clone, or bulk of bladder tumor cells, as opposed to a small subclonal population of metastasis-generating cells. Particular insight was gained from the Basal/Squamous-like case shifting to Genomically Unstable phenotype on both immunohistochemistry and mRNA classification. The driver mutation V104L in ERBB3 was detected in both phenotypes and in the two anatomic sites, thus favoring a genuine phenotypic shift over parallel evolution.
Only three genes, ERBB2, ERBB3, and TP63, were differentially expressed at both protein and mRNA levels in the primary tumor and metastasis. The lower expression of ERBB2 in lymph-node metastases is in conflict with some [16, 17] but not all [18] previous data. By unsupervised gene expression comparisons we identified differentially regulated genes. While these lists may contain genes functionally involved in the establishment and maintenance of metastases, they were definitely also enriched for (immune) cell-type associated genes. After exploratory removal of the vast majority of genes with immune-cell associated expression, several genes, e.g. PIK3IP1, TERF2IP, FOXP1, and MEX3C, with potentially immune regulatory functions remained [35] [36] [37] [38] .
Even though the current study is performed in a population-based cohort, it is limited by selection mechanisms related to tissue availability for the different molecular analyses used. Furthermore, possible influence on selection mechanisms and clonal evolution due to perioperative chemotherapy in eight cases cannot be ruled out [44] .
An urgent goal for clinical bladder cancer research is to predict response to systemic chemotherapy and immunecheckpoint inhibitors. Early indications show that molecular subtypes could play a role in response prediction for both treatment modalities [3, 9, 10] . So far, such studies have used samples from the primary tumor, assuming that these are representative for the residual disease that causes postcystectomy recurrence. Although our data generally support this assumption, we also question the intrinsic nature of the Basal/Squamous-like subtype. Studies investigating the Basal/Squamous-like subtype and its associated drug targets (e.g. EGFR, MET, STAT3) should take bladder tumor heterogeneity as well as discordance of molecular subtype in metastases into consideration. Furthermore, our data may suggest that the discordance of Basal/Squamous-like samples could depend on interaction with the microenvironment in different anatomic sites. Identification of such governing factor(s) may then improve our understanding of the Basal/ Squamous phenotype in bladder cancer.
